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We have previously shown that the nucleoprotein (NP) of Thogoto virus (THOV), a tick-borne member of the Orthomyxo-
viridae family, accumulates in the cell nucleus. Here we demonstrate that THOV NP contains a motif (KRxxxxxxxxxKTKK) at
amino acid positions 179–193 that represents a classical bipartite nuclear localization signal (NLS). This sequence motif
(named cNLS) was able to translocate a cytoplasmic 80-kDa reporter protein into the nucleus. Targeted mutations
substituting lysines for alanines in the downstream cluster of the bipartite motif abolished the capacity of cNLS to mediate
nuclear import. In contrast, identical mutations had no effect on nuclear localization when introduced into THOV NP,
indicating that additional transport signals are present in NP. Amino-acid sequence comparisons revealed that THOV NP
lacks the N-terminal nonconvential NLS (named here nNLS), which has been implicated in nuclear import of influenza A virus
NP. Accordingly, THOV NP failed to interact in coprecipitation assays with the cellular NPI-1/3 transport factors of the
karyopherin a family. A highly conserved motif identified in THOV NP was the so-called nuclear accumulation sequence
(NAS). Mutating NAS alone, or in combination with cNLS, had no gross effect on the intracellular distribution of the protein,
indicating that a functional NAS is not required for nuclear accumulation of THOV NP in mammalian cells. We also studied
nuclear transport of influenza A/PR/8/34 virus NP. Interestingly, we found a cNLS motif at amino acid positions 198–216 in
addition to the previously described nonconventional nNLS. To further assess the functional role of cNLS, nNLS, and NAS,
we analyzed single, double, and triple mutants of influenza A virus NP. When nNLS was destroyed, the protein stayed in the
cytoplasm as expected. When NAS was disrupted in addition to nNLS, the double mutant accumulated in the nucleus,
suggesting that cNLS was active. Indeed, when cNLS was also inactivated, the triple mutant protein localized again
predominantly to the cytoplasm. These findings suggest that NP of orthomyxoviruses have two independent NLSs, namely
cNLS and nNLS. They further suggest that NAS and NLSs may assume opposing roles in nucleocytoplasmic transport of NP.
© 1998 Academic Press
INTRODUCTION
The Orthomyxoviridae family consists of the genera
Influenza A virus, Influenza B virus, Influenza C virus, and
Thogotovirus (Murphy et al., 1995). The genome of ortho-
myxoviruses is divided into six to eight segments of
negative-stranded RNA, which are packaged into virions
as ribonucleoproteins. Viral ribonucleoproteins (vRNPs)
contain the genomic RNA, the RNA-dependent RNA poly-
merase (consisting of the subunits PB1, PB2, and PA),
and the nucleoprotein (NP), which is the major protein
component of the vRNP complex (Choppin and Com-
pans, 1975). The replication of orthomyxoviruses takes
place in the nucleus of the infected host cell (Krug, 1989).
Therefore, vRNPs have to be imported into the nucleus,
a process mediated mainly by NP (O’Neill et al., 1995).
Consequently, the capacity of NP to enter the nucleus
plays a crucial role in the viral life cycle.
Nuclear localization signals (NLSs) are responsible for
selective transport of proteins into the nucleus. To me-
diate this process, NLSs interact in the cytoplasm with
members of the karyopherin a/importin a family. Subse-
quently, the complex docks to the nuclear pore via karyo-
pherin b/importin b and is then translocated through the
pore by an energy-dependent mechanism (for a review
see Nigg, 1997; Weis, 1998). Two types of classical NLSs
have been described. Monopartite NLSs consist of a
single stretch of basic amino acids and are therefore
also referred to as one-cluster NLS (Kalderon et al.,
1984). Bipartite NLSs have two basic motifs separated by
a spacer of about 10 amino acids of irrelevant sequence
(Dingwall and Laskey, 1991; Robbins et al., 1991). Another
sequence motif not resembling a classical NLS is the
so-called nuclear accumulation sequence (NAS) origi-
nally shown to be responsible for retention of influenza A
virus NP in the nucleus of Xenopus oocytes (Davey et al.,
1985). In addition, the first 13 amino acids at the N
terminus of influenza A virus NP were recently identified
as a nonconventional NLS (Neumann et al., 1997; Wang
et al., 1997). This novel NLS (designated here as nNLS)
was shown to be able to mediate nuclear import of a
reporter protein by interacting with the importin a family
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members NPI-1 and NPI-3, also known as karyopherin
a1 and karyopherin a2, respectively (Wang et al., 1997).
However, deletion of this N-terminal targeting sequence
could not prevent the parental protein from being im-
ported into the nucleus. Therefore the presence of an
additional NLS was postulated (Neumann et al., 1997;
Wang et al., 1997).
Thogoto virus (THOV) is the prototype species of the new
genus Thogotovirus within the Orthomyxoviridae family
(Pringle, 1996). Here we show that the NP of THOV lacks an
N-terminal nNLS motif and does not interact with NPI-1. In
contrast, we identified a classical bipartite NLS (designated
here as cNLS) that is able to promote transport of a cyto-
plasmic reporter protein into the nucleus of mammalian
cells. Subsequently, we found a similar sequence motif on
the NP of influenza A virus. Our data demonstrate that these
newly identified sequences are functional nuclear targeting
motifs and represent a classical bipartite NLS on the NP of
orthomyxoviruses.
RESULTS
NP of THOV fails to interact with the cellular
transport factor NPI-1
We have previously shown that NP of THOV accumu-
lates in the nucleus of infected cells (Siebler et al., 1996,
Weber et al., 1996). A sequence representing a novel
nonconventional NLS has recently been identified in the
N terminus of influenza A virus NP (Neumann et al., 1997;
Wang et al., 1997). Figure 1A shows that the NP of THOV
has little N-terminal sequence similarity with the NP of
influenza A virus. In particular, the N terminus of THOV
NP lacks the NLS motif SxGTKRSYxxM known to interact
with NPI transport factors of the karyopherin a family
(O’Neill and Palese, 1994). To test whether other func-
tional NPI-binding sites were present, we used the in
vitro coprecipitation assay originally described by O’Neill
and Palese (1994). NPs of THOV or influenza A virus were
produced by in vitro translation using a rabbit reticulo-
cyte lysate system. The radiolabeled translation products
were identified by immunoprecipitation with specific an-
ti-NP antibodies (Fig. 1B, top). In parallel, samples of the
crude in vitro translation reaction were incubated with
GST-NPI-1 fusion proteins bound to glutathione–agarose
beads. As expected, influenza A virus NP was efficiently
precipitated by GST-NPI-1 (Fig. 1B, middle). Control
beads led only to nonspecific reactions (Fig. 1B, bottom),
demonstrating that the observed binding was specific. In
contrast, THOV NP was not precipitated with beads con-
taining GST-NPI-1, indicating that THOV NP was unable
to interact with NPI-1 (Fig. 1B, middle). Extracts prepared
from THOV-infected cells gave the same results (data not
shown). These findings show that, unlike influenza A
virus, NP of THOV lacks a specific NPI-1 binding domain.
Identification of a classical bipartite NLS sequence
To identify specific domains responsible for active nu-
clear import, we screened the amino-acid sequence of
THOV NP (454 aa) for the presence of putative NLS motifs
by computer analysis. Proper identification of NLS-like do-
mains is difficult because the NP sequences of orthomyxo-
viruses are generally rich in lysine and arginine residues
uniformly distributed along the length of the polypeptide
(Winter and Fields, 1981: Fuller et al., 1987; Weber et al.,
FIG. 1. The amino terminus of THOV NP lacks a functional NPI-1 binding
site. (A) The first 13 amino acids of the NP of THOV and influenza
A/PR/8/34 virus (FluA) are shown. Boxes indicate the minimal NPI-1 bind-
ing motif of influenza A virus NP (Wang et al., 1997), named nNLS. (B) THOV
NP does not bind to a GST-NPI-1 fusion protein. NPs of influenza A virus
(lane 1) or THOV (lane 2) were synthesized in a rabbit reticulocyte lysate
in vitro translation system and were radioactively labeled with [35S]methi-
onine. Aliquots of each translation product were immunoprecipitated with
antibodies to either influenza A virus NP (lane 1) or THOV NP (lane 2),
separated by SDS–PAGE and visualized by autoradiography (IP, top). To
demonstrate NPI-1 binding of NPs, translation products were incubated
with GST-NPI-1 fusion proteins bound to glutathione–agarose beads, pre-
cipitated, separated by SDS–PAGE, and visualized by autoradiography
(GST-NPI-1, middle). Glutathione–agarose beads complexed with GST
alone served as controls (GST, bottom).
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1996). A simple cluster of basic amino acids is generally not
sufficient to serve as a nuclear transport signal (Chelsky et
al., 1989) because flanking amino acids may contribute to
function (Makkerh et al., 1996). Our main criteria were
sequence motifs predicting (i) surface exposure (Roberts et
al., 1987), (ii) increased flexibility (Boulikas, 1994), and (iii)
structures resembling a monopartite or bipartite NLS (Ding-
wall and Laskey, 1991; Robbins et al., 1991). Using this
approach, we were able to identify a bipartite NLS motif on
THOV NP, named cNLS (Fig. 2A). This sequence (aa 179–
193) contains an upstream (KR) and a downstream (KxKK)
cluster of basic amino acids that are separated by a stretch
of nine amino acids. It is similar to the nuclear transport
signal of nucleoplasmin (Robbins et al., 1991), which repre-
sents the prototype of a bipartite NLS (Fig. 2A). Interestingly,
we found a similar motif in the NP of influenza A/PR/8/34
virus (Fig. 2A). It resides in a comparable region (aa 198–
216) of the protein but differs from the THOV cNLS in
primary sequence as well as in the length of the spacer
sequence having 13 amino acids instead of 9.
cNLS of THOV is a nuclear transport signal
To demonstrate that the putative nuclear translocation
signal of THOV NP is functional, we tested its capacity to
translocate a cytoplasmic reporter protein into the nu-
FIG. 2. cNLS of THOV mediates nuclear import of a reporter protein. (A) The cNLS sequence of THOV NP (strain SiAr 126) (Weber et al., 1996) is aligned
with the classical bipartite NLS sequence of nucleoplasmin (Robbins et al., 1991). The cNLS sequence of influenza A virus NP (strain PR/8/34) (Winter and
Fields, 1981) is also shown. Residues corresponding to the bipartite NLS consensus sequence (Dingwall and Laskey, 1991) are boxed. (B) Mutant form of
THOV cNLS. Mutations known to disrupt NLS function were introduced into the downstream cluster of the bipartite nuclear targeting sequence to generate
defective cNLS2 signals. Alanines that replace basic amino acids are shown in boldface letters. (C) cNLS of THOV NP translocates chimeric MxA fusion
proteins into the nucleus. Wild-type cNLS or mutant cNLS2 motifs of THOV were fused to the N terminus of cytoplasmic MxA and the chimeric proteins were
expressed in Vero cells. Cells were fixed 18 h after transfection and analyzed by indirect immunofluorescence using antibodies directed against the MxA
portion of the fusion proteins. The mutant cNLS2 motif of THOV contains alanine for lysine substitutions as shown in (B).
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cleus. We used the 80-kDa MxA protein as a reporter.
The MxA wild-type protein forms large oligomers in the
cytoplasm and is not normally found in the nucleus
(Ponten et al., 1997). It can be moved into the nucleus
with the help of the SV40 large T nuclear transport signal
attached to its N terminus (Zu¨rcher et al., 1992). We fused
the cNLS sequence of THOV NP to the N terminus of
MxA and expressed the fusion protein in Vero cells. As a
control, a mutant form of THOV cNLS (cNLS2; Fig. 2B)
carrying point mutations known to impair the function of
classical NLS sequences (Kleinschmidt and Seiter, 1988;
Underwood and Fried, 1990; Robbins et al., 1991; Ishii et
al., 1996) was used in the same way. Figure 2C shows
that the wild-type THOV cNLS-MxA fusion protein was
translocated quantitatively into the nucleus, sparing the
nucleoli. By contrast, MxA fusion proteins carrying the
mutated cNLS2 sequence remained in the cytoplasm, as
did the unmodified MxA protein. These results demon-
strate that the newly identified cNLS of THOV NP has all
the attributes of a classical bipartite NLS and can serve
as a highly efficient transport signal in mammalian cells.
Role of cNLS for nuclear import of THOV NP
To evaluate the role of cNLS for nuclear import of
parental NP, mutant forms of THOV NP were produced.
The cNLS domain was mutated by substituting the three
lysines in the downstream cluster of the bipartite motif
for alanine (see Fig. 2B). These substitutions had already
been shown to affect the capacity of THOV-cNLS to
transport a reporter protein into the nucleus (Fig. 2C).
Plasmid constructs were transiently transfected into Vero
cells, and the subcellular localization of mutant NP was
investigated by indirect immunofluorescence staining
using monospecific anti-NP antibodies. Clearly, mutant
THOV NP was not excluded from the nucleus (Fig. 3C,
left). In most cells, mutant NP exhibited a subcellular
distribution that was indistinguishable from the wild-type
protein. Rarely, cells with an equal distribution between
nucleus and cytoplasm were observed, as well as occa-
sional cells with an exclusively cytoplasmic localization
of mutant NP (not shown). These results indicate that
other sequence motifs can compensate for the loss of
cNLS function.
Role of conserved NAS
Sequence comparisons showed that at positions 313–
322 THOV NP contained a core of two acidic and three
hydrophobic amino acids that are highly conserved be-
tween THOV and the influenza A, B, and C viruses (We-
ber et al., 1996; Fig. 3A). This sequence corresponds to
the NAS motif previously thought to possess NLS activity
(Davey et al., 1985). It was conceivable that the NAS
sequence somehow contributed to the unimpaired nu-
clear accumulation of the cNLS2 mutant protein. We
therefore generated NAS2 mutant forms of THOV NP by
substituting all five conserved amino acids for alanine
(Fig. 3B). In addition, double mutant proteins were gen-
erated by combining the cNLS2 mutation with the NAS2
mutation. Vero cells were transfected with constructs
capable of expressing these single or double mutant NP
proteins, and their subcellular localization was deter-
mined by immunofluorescence analysis (Fig. 3C). The
NAS2 mutation had no gross effect on the intracellular
distribution of NP, indicating that a functional NAS was
not required for nuclear accumulation of NP in mamma-
lian cells (Fig. 3C, middle). Likewise, the cNLS2/NAS2
double mutant NP also localized mostly to the nucleus
(Fig. 3C, right). These results indicate that additional and
as-yet undefined NLS activities are present on THOV NP.
cNLS sequence of influenza A virus NP
NP of influenza A virus contains a motif similar to cNLS
of THOV NP (see above). We therefore asked whether the
influenza A cNLS sequence could also serve as a bona
fide NLS and mediate nuclear transport of the cytoplas-
mic reporter protein MxA. Figure 4 shows that MxA
fusion proteins containing the influenza virus cNLS se-
quence were found both in the cytoplasm and the nu-
cleus of transfected Vero cells, whereas control MxA
protein was excluded from the nucleus. These results
demonstrate that cNLS of influenza A virus is able to
transport MxA into the nucleus, albeit less efficiently
than the cNLS of THOV.
Nuclear transport signals of influenza A virus NP
A nonconventional NLS motif (called here nNLS) re-
cently characterized by Wang and coworkers (1997) and
Neumann and coworkers (1997) has previously been
shown to mediate nuclear targeting of influenza A virus
NP. However, these authors also showed that N-terminal
deletion mutants lacking this motif still entered the nu-
cleus (Neumann et al., 1997; Wang et al., 1997). It is
therefore conceivable that nNLS and cNLS are two in-
dependent nuclear targeting signals that are both in-
volved in bringing influenza NP into the nucleus. The
sequences and relative positions of nNLS, cNLS, and the
conserved NAS on influenza A virus NP are illustrated in
Fig. 5. To analyze the relative contributions of the non-
conventional and the classical NLS motifs as well as the
nuclear accumulation sequence NAS, targeted muta-
tions were introduced into these functional domains in
various combinations by using site-directed mutagene-
sis. To generate nNLS2 mutants, both basic amino acids
at positions 7 and 8 of influenza A virus NP were sub-
stituted for alanine (Fig. 5, left), as described by Wang et
al. (1997). The cNLS2 and NAS2 mutations (Fig. 5, mid-
dle and right) were generated as described for THOV.
Vero cells were transfected with the constructs, and the
subcellular localization of the altered proteins was de-
termined by immunofluorescence analysis (Fig. 6). Mu-
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tations of the cNLS alone or in combination with NAS2
mutations did not inhibit nuclear transport (data not
shown), in agreement with our findings with THOV NP
(Fig. 3). In contrast, mutants lacking nNLS showed a
clear tendency to accumulate in the cytoplasm (Fig. 6,
left), confirming the important role of nNLS for nuclear
import (Wang et al., 1997). In some cells they were
entirely cytoplasmic; in others they were evenly distrib-
uted throughout the cell. Likewise, nNLS2/cNLS2 mu-
tants showed cytoplasmic staining (not shown). Surpris-
ingly, however, nNLS2/NAS2 double mutants localized
exclusively to the nucleus, exhibiting a wild-type pheno-
type (Fig. 6, middle). When nNLS2/cNLS2/NAS2 triple
mutants were expressed, the NP localized again to the
cytoplasm (Fig. 6, right). The nucleus was not spared,
presumably because the triple mutant protein could
freely diffuse within the cell (Nigg, 1997). Taken together,
these findings suggest that cNLS acts as an auxiliary but
independent nuclear transport signal of influenza A virus
NP, supporting the action of nNLS.
DISCUSSION
Here we show that the NPs of THOV and influenza A
virus both contain a classical bipartite NLS motif, desig-
nated cNLS. It strongly resembles the prototype nuclear
transport signal of nucleoplasmin and is capable of
transporting a cytoplasmic reporter protein into the nu-
cleus. Furthermore, we show that cNLS acts as an au-
tonomous nuclear transport signal of influenza A virus
NP, but that additional signals exist that independently
contribute to the accumulation of NP in the nucleus.
The evidence that cNLS acts as a proper nuclear
targeting signal is twofold. First, both cNLS motifs of
THOV and influenza A virus exhibited nuclear targeting
activity when fused to the N terminus of human MxA
FIG. 3. Intracellular localization of mutant THOV NP. (A) NAS motifs are conserved among the NPs of THOV and the influenza viruses. Amino-acid
sequence alignments show the NAS of THOV strain SiAr 126 (THOV) (Weber et al., 1996), influenza A/PR/8/34 virus (FluA) (Winter and Fields, 1981),
influenza B/Sing/222/79 virus (FluB) (Londo et al., 1983), and influenza C/Cal/78 virus (FluC) (Nakada et al., 1984). Highly conserved residues are
boxed. Numbers indicate the boundaries of the NAS in the respective amino-acid sequences. (B) Mutations introduced into the NAS of THOV NP.
Alanines that replace conserved amino acids are shown in boldface letters. (C) Effect of single or double mutations in cNLS and NAS. The intracellular
localization of mutant THOV NP was examined by immunofluorescence staining of transfected cells using NP-specific antibodies.
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protein. We deliberately chose to use the 80-kDa MxA as
a reporter protein because this enzyme is normally found
exclusively in the cytoplasm. Moreover, MxA has previ-
ously been used to demonstrate intracellular protein
transport (Zu¨rcher et al., 1992; Ponten et al., 1997). Sec-
ond, the cNLS motif acted as a karyophilic signal in the
context of the influenza A virus NP. However, this activity
was relatively weak and could only be demonstrated in
the absence of functional nNLS and NAS sequences
(Fig. 6). These findings are in agreement with recent
studies by Wang et al. (1997) and Neumann et al. (1997)
which showed that nNLS/NAS double deletion mutants
of influenza A virus NP still entered the nucleus. The
authors suggested that additional, perhaps weaker, nu-
clear targeting signals exist in the protein. Our results
suggest that cNLS constitutes this additional signal.
It is conceivable that the activity of cNLS depends on
proper folding of NP. In the studies with influenza A virus
NP mentioned above, nNLS single deletion mutants
were found either to stay in the cytoplasm or to be
imported into the nucleus, depending on the length of the
deletion that was introduced (Neumann et al., 1997;
Wang et al., 1997). Interestingly, some of the nNLS dele-
tion mutants that normally stayed in the cytoplasm could
be forced to enter the nucleus when they were coex-
pressed with a second nNLS deletion mutant (Wang et
al., 1997). The authors postulated that an unknown sec-
ond NLS was activated, presumably as a consequence
of intermolecular cooperation between coexpressed NP
fragments (Wang et al., 1997). It may be speculated that
the truncated proteins were misfolded when expressed
alone. However, when expressed together, an NP com-
plex may have formed with a favourable conformation for
nuclear import, exposing the classical cNLS. In the
present study, we took great care to maintain the integ-
rity of the full-length protein by using site-directed mu-
tagenesis. Indeed, functional impairment of nNLS and
NAS did not disturb the nuclear localization of influenza
A virus NP as long as the cNLS motif was kept intact (Fig.
6). When cNLS was also inactivated, NP remained in the
cytoplasm, indicating that cNLS is instrumental for nu-
clear import (Fig. 6).
The N-terminal 13 amino acids of influenza A virus NPs
are highly conserved (Wang et al., 1997). In contrast, NP
of THOV has no sequence similarity at the N terminus
(Fig. 1A) and only about 14% overall similarity to the
influenza A virus NP (Weber et al., 1996). Moreover, the
NPI-1/NPI-3 binding motif of influenza A virus is missing.
As a consequence, THOV NP does not bind to NPI-1 (Fig.
1B). Furthermore, we were unable to detect NPI-3 bind-
ing in a coprecipitation assay (data not shown). Never-
theless, single (cNLS2) or double (cNLS2/NAS2) mutant
THOV NP accumulated in the nucleus exactly like the
wild-type protein (Fig. 3C). Obviously, NP of THOV pos-
sesses others and as-yet undefined NLSs in addition to
cNLS. Since cNLS activity can only be detected in the
FIG. 4. cNLS of influenza A virus NP mediates nuclear translocation
of chimeric MxA fusion proteins. The cNLS motif of influenza A virus
was fused to the N terminus of cytoplasmic MxA, and the chimeric
proteins were expressed in Vero cells. Cells were fixed and analyzed
for the localization of MxA proteins as described in Fig. 2C.
FIG. 5. Functional domains of influenza A virus NP. The nonconventional NLS (nNLS) (Neumann et al., 1997; Wang et al., 1997), the RNA-binding
domain (Kobayashi et al., 1994; Albo et al., 1995), the classical bipartite NLS characterized in this study (cNLS), and the highly conserved NAS (Davey
et al., 1985) are shown. Alanines that replace important amino acids in the nNLS2, cNLS2, and NAS2 mutants are shown in boldface letters. Numbers
indicate the sequence boundaries.
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absence of other NLS sequences, it is difficult at present
to provide formal proof for a role of cNLS in the nuclear
import of THOV NP. However, such a role is quite likely,
given the fact that THOV cNLS was an efficient mediator
of the nuclear import of a cytoplasmic reporter protein
(Fig. 2C). Most recently, influenza B virus NP has also
been reported to lack homology to the influenza A virus
protein at the N terminus (Stevens and Barclay, 1998).
nNLS sequences are absent from this region and were
also not found elsewhere in the protein. Moreover, clas-
sical NLSs of the nucleoplasmin type are lacking
(Stevens and Barclay, 1998). It will be interesting to
identify the missing NLS motifs in the distantly related
NPs of influenza and influenza-like viruses.
The NAS motif is highly conserved between THOV and
influenza A, B, and C viruses (Weber et al., 1996; Fig. 3A).
The NAS was originally shown to mediate the accumu-
lation of NP in the nuclei of Xenopus oocytes (Davey et
al., 1985). However, the present data show that a func-
tional NAS is not required for nuclear accumulation of
NP in mammalian cells, a finding that is in agreement
with earlier studies (Neumann et al., 1997; Wang et al.,
1997). On the contrary, we found that the NAS may serve
quite the opposite function. When the nonconventional
nNLS at the N terminus of influenza A NP was destroyed,
the protein stayed predominantly in the cytoplasm as
expected (Wang et al., 1997). However, when, in addition,
the NAS was also disrupted, the mutant protein now
reentered the nucleus and fully accumulated in the nu-
cleoplasm (Fig. 6). In this case, NAS obviously repre-
sents a cytoplasmic retention signal or it is involved in
nuclear export. Such a role for a NAS motif is rather
unexpected and needs to be further investigated.
Previous work showed that influenza A virus NP has a
conserved RNA-binding domain (Kobayashi et al., 1994;
Albo et al., 1995). Interestingly, the nonconventional
nNLS is located upstream of the RNA-binding domain
whereas cNLS is found downstream next to the C-termi-
nal end of the RNA-binding domain. As a consequence,
the RNA-binding domain is flanked by the translocation
signals (Fig. 5). It has been shown that NLSs usually
overlap or flank nucleic acid-binding domains in nucleo-
philic proteins that are otherwise unrelated (LaCasse
and Lefebvre, 1995). This spatial orientation was consid-
ered to reflect a functional relationship, a convergent
evolution, or a need to intertwine both functions. It re-
mains to be seen whether the N terminus of THOV NP
also contains an NLS despite the fact that it does not
serve as a binding site for NPI.
The presence of two or more NLSs are a common
feature of many cellular and viral proteins targeted for
the nucleus. In some instances, multiple NLSs seem to
cooperate to enhance nuclear import (Ylikomi et al.,
1992), whereas in others they act independently (Krippl et
al., 1985; Richardson et al., 1986; Lyons et al., 1987;
Picard and Yamamoto, 1987; Roberts et al., 1987;
Dworetzky et al., 1988; Siomi et al., 1988; Garcia-Bustos
et al., 1991; Sun et al., 1995; Michael et al., 1997; Nadler
et al., 1997). For example, two independent NLSs have
been found in the influenza A virus NS1 protein (Green-
span et al., 1988) as well as the polymerase subunits
PB1, PB2, and PA (Nath and Nayak, 1990; Mukaigawa
and Nayak, 1991; Nieto et al., 1994). Our data suggest
that NP is no exception and that the presence of two
independent NLSs may be a feature common to all NPs
of orthomyxoviruses.
MATERIALS AND METHODS
Interaction between NPI-1 and NP
Recombinant NPs of THOV and influenza A virus were
synthesized by in vitro translation and probed with Esch-
erichia coli-produced NPI-1. Briefly, capped mRNAs were
transcribed from pBK-L3 encoding THOV NP (Weber et
al., 1996) and pBS-NP (a gift from Robert E. O’Neill and
Peter Palese, Mount Sinai School of Medicine, New York)
FIG. 6. Role of nNLS and cNLS for nuclear import of influenza A virus NP. Intracellular localization of single, double, and triple mutant forms of
influenza A virus NP, as visualized by indirect immunofluorescence staining of transfected cells using NP-specific antibodies.
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coding for the NP of influenza A/PR/8/34 virus. The RNA
species were used for in vitro translation with nuclease
treated rabbit reticulocyte lysate (Promega, Madison, WI)
in the presence of [35S]methionine. Recombinant NPI-1
was produced as GST (glutathion S transferase) fusion
protein essentially as described by O’Neill and Palese
(1994). GST and GST-NPI-1 fusion proteins were synthe-
sized in E. coli and affinity-purified using glutathi-
one–agarose. For the coprecipitation experiments, 5 mg
GST or 2 mg GST-NPI-1 fusion protein were bound to 15
ml glutathione–agarose beads in binding buffer (20 mM
Tris-HCl, pH 7.5; 5 mM MgCl2; 0.15% NP-40; 0.5 mM DTT;
and 150 mM NaCl) and incubated with the [35S]-methio-
nine-labeled NPs for 2 h at 4°C. After intensive washing
with binding buffer, proteins were eluated by boiling the
beads in reducing SDS sample buffer and separated on
a 12% SDS–polyacrylamide gel. Radiolabeled proteins
were visualized by autoradiography. As a control, radio-
labeled proteins were immunoprecipitated with specific
anti-NP antibodies using protein A-sepharose.
Cell culture, transfection, and immunofluorescence
analysis
African green monkey kidney (Vero) cells were grown
in Dulbecco’s modified Eagle’s medium containing 10%
fetal calf serum. For transfection, cells were grown over-
night on coverslips up to 70–80% confluency and incu-
bated with 2 mg plasmid and 5 ml LipofectAMINE™
reagent (Gibco/BRL, Berlin, Germany) according to the
manufacturer’s instructions. Indirect immunofluores-
cence analysis was performed 16–18 h after transfection
as described previously (Haller et al., 1995). Primary
antibodies were diluted as follows: the monoclonal
mouse anti-NP THOV antibody MAb2 was diluted 1:200,
the polyclonal rabbit influenza A virus-specific antiserum
was diluted 1:2000, and the polyclonal rabbit anti-MxA
antiserum (Ponten et al., 1997) was diluted 1:500. Anti-
gen-bound primary antibodies were detected with 1:100
diluted fluorescein-conjugated goat anti-mouse or anti-
rabbit antibodies (Dianova, Hamburg, Germany).
NLS-MxA fusion constructs
The cNLS sequences of THOV and influenza A/PR/
8/34 virus were fused to the N terminus of the MxA
protein by a PCR-mediated approach. For amplifying the
MxA coding sequence (Aebi et al., 1989), the upstream
primers contained a restriction enzyme site (underlined),
a start codon with a Kozak consensus sequence (Kozak,
1987), the NLS nucleotide sequence (in boldface letters),
and about 20 nt matching the MxA N-terminal coding
sequence. The downstream primer contained a restric-
tion enzyme site (underlined) followed by about 20 nt
complementary to MxA 39 end sequences. The upstream
primer with the THOV cNLS was 59RV-MxA-TNP-NLS (59
GAT ATC CAC CAT GAA GCG ACT CCA AGA AAA CCC
ACC AAA GAA CCC AAA GAC AAA GAA GAT GGT TGT
TTC CGA AGT GGA CAT CGC AAA A 39) and the up-
stream primer with the mutated cNLS of THOV (cNLS2)
was 59Nhe-MxA-TNP-NLS(2) (59 GAC AGA GCT AGC
CCA CCA TGA AGC GAC TCC AAG AAA ACC CAC CAA
AGA ACC CAG CGA CAG CGG CGA TGG TTG TTT CCG
AAG TGG ACA T 39). The influenza A virus cNLS up-
stream primer was 59Nhe-MxA-FNP-NLS (59 GCT AGC
CAC CAT GAA ACG TGG GAT CAA TGA TCG GAA CTT
CTG GAG GGG TGA GAA TGG ACG AAA AAC AAG
AGT TGT TTC CGA AGT GGA CAT CGC AAA A 39). In all
cases, the downstream primer was 39Kpn-MxA (59 GGT
ACC TTA ACC GGG GAA CTG GGC AA 39). PCR was
performed with 1 ng pSP64MxA plasmid template in 100
ml 13 PCR buffer (10 mM Tris-HCl, pH 8.3; 1.5 mM MgCl2;
and 50 mM KCl) with 100 mM each deoxynucleoside
triphosphate (dNTP), 0.5 mM each upstream and down-
stream primers, and 2.5 U of Taq polymerase (Boehringer
Mannheim, Germany). Following heating at 94°C for 5
min, the reaction was cycled 30 times at 94°C for 30 s,
57°C for 1 min, and 72°C for 1 min. The amplified prod-
ucts were cloned into the pCRII plasmid vector following
the manufacturer’s instructions (Invitrogen, Leek, The
Netherlands). The inserts were further cloned via their
engineered restriction sites into the [NheI]/KpnI (THOV
cNLS) or NheI/KpnI (influenza A virus cNLS) cut pBK-
CMV plasmid vector (Stratagene, Heidelberg, Germany).
Correct fusion and insertion of the sequences was con-
firmed by sequencing.
Site-directed mutagenesis
The QuikChange site-directed mutagenesis kit (Strat-
agene) was used to introduce multiple amino acid ex-
changes into NP sequences. Briefly, two complementary
primers (125 ng each) containing the desired mutations
were incubated with 20 ng of the wild-type template and
200 mM each dNTP in 13 reaction buffer at 95°C for 30 s
and annealed at 55°C for 1 min. Synthesis of DNA was
accomplished at 68°C for 2 min/kb of plasmid length
using Pfu polymerase (Stratagene). The cycle was re-
peated 18 times and finished with a final incubation at
68°C for 20 min. To remove the methylated template
DNA, 10 U of the DpnI restriction enzyme was added,
followed by an incubation at 37°C for 1 h. The template
for the mutagenesis of the wild-type gene of THOV NP
was pBK-L3 (Weber et al., 1996). For influenza A virus NP,
the template was pBK-NP FluA, which was created by
cloning the SpeI/KpnI cut insert of pBS-NP into the NheI/
KpnI cut pBK-CMV (Stratagene). Both constructs contain
the respective NP gene under the control of the cyto-
megalovirus immediate early promotor. The oligonucle-
otide primers (shown here as the plus-sense sequence)
contained the desired mutations (in boldface letters)
flanked by about 16 nt of matching bases both upstream
and downstream. The cNLS of THOV was mutated with
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the oligonucleotides NPT-CLII2 (1) (59 CCA CCA AAG
AAC CCC GCA ACA GCG GCG CCC TTA GAA TCC CCT
39) and the (2) sense counterpart. The cNLS of influenza
A virus NP was mutated with the oligonucleotides NPF-
CLII2 (1) (59 AGG GGT GAG AAT GGA GCA GCA ACA
GCA ATT GCT TAT GAA AGA 39) and the (2) sense
counterpart. The NAS of THOV was mutated with the
oligonucleotide THO-NP NAS2 (1) (59 GTA TTC CAG
ACC ACA GGC GCA GCT GCG GGA GCT GCA GAG TGG
GTG TTC GGA 39), and the NAS of influenza A virus NP
was mutated with the oligonucleotides FluA-NP NAS2
(1) (59 CAT TCT GCC GCA TTT GCA GCT GCA AGA GCA
GCG AGC TTC ATC AAA GGG 39) and the (2) sense
counterparts. To insert mutations into the nNLS of influ-
enza A virus NP, the oligonucleotides FluA-NP nNLS
(1)neu (59 ATG GCG TCC CAA GGC ACC GCA GCG TCT
TAC GAA CAG ATG GA 39) and the (2) sense counterpart
were used.
E. coli XL2-Blue ultracompetent cells (Stratagene)
were transformed by the mutagenized plasmids accord-
ing to the manufacturer’s instructions. All mutations were
confirmed by manual sequencing.
Sequence analysis
Sequencing was accomplished by the dideoxy method
(Sanger et al., 1977) on double-stranded plasmid DNA
using the T7 sequencing kit (Pharmacia). The mutations
of the cNLS and the NAS of THOV NP were sequenced
with the primers TNP(-)631 (59 GTG CCC GAC GAT GCT
CTT CC 39) and TNP(-)1083 (59 AGA GGC TTT GAC CAG
TAC TC 39), respectively. The mutations of the nNLS,
cNLS and NAS of influenza A virus NP were sequenced
with the primers FNP(-)115 (59 CCG ACG GAT GCT CTG
ATT TCA 39), FNP(1)600 (59 GCA GGT GCT GCA GTC
AAA GGA 39), and FNP(1)1007 (59 GCC TAA TCA GAC
CAA ATG AGA A 39), respectively. Fusions of the THOV
and influenza A virus NLS to the MxA sequence were
confirmed with the primer MxA(-)466 (59 CGG AGC TCT
TGC CCG AGC TCT 39).
Computer analysis
Sequence data were stored and edited with an Apple
Power Macintosh 6100/60 and the LASERGENE Biocom-
puting software package (DNAStar Inc., Madison, WI).
Amino-acid sequences were analyzed with the LASER-
GENE/PROTEAN program and the PROSITE and PRE-
DICT programs included in the HUSAR software pack-
age operated by the German Cancer Research Center
(DKFZ), Heidelberg.
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